A 10 W level 976 nm single-frequency linearly polarized laser source was demonstrated with a two-stage all-fiber amplifier configuration. The continuous-wave output power of 10.1 W was obtained from the second stage amplifier by using a 20/130 μm single-mode, polarization maintaining, 1.5 wt. % ytterbium-doped phosphate double-clad fiber. This all-fiber single-frequency laser source is very promising for watt-level deep ultraviolet laser generation via frequency quadrupling.
High-power compact and environmentally stable singlefrequency laser sources at 9xx nm have attracted significant attention for high-efficiency harmonic generation of coherent blue and deep ultraviolet [1] [2] [3] [4] , which are important in Raman spectroscopy, optical data storage, submarine imaging, full color displays, metrology, biomedical applications, and laser lithography. The 9xx nm lasers can also be used as efficient pump sources for low-noise pump sources for ytterbium (Yb 3 )-or erbium (Er 3 )-doped lasers and amplifiers [5] which play significant roles in material processing or LIDAR and remote sensing systems.
Single-frequency lasers at 9xx nm can be directly obtained with laser oscillators based on semiconductor diodes, Yb 3and neodymium (Nd 3 )-doped crystals, glasses, and fibers. However, their outputs are generally limited to low power levels due to the ultra-compact cavities required for the stable and robust single longitudinal mode operation. Amplifiers have to be used to increase the power of a single-frequency laser to a much higher level for many practical applications. Fiber amplifiers have the advantages of high-power scalability, high single-pass gain, excellent heat dissipation capability, and excellent beam quality. Therefore, Yb 3 -and Nd 3 -doped fiber amplifiers are attractive power engines for high-power singlefrequency laser at 9xx nm.
Although ∼100 W 980 nm output power from Yb 3doped fiber lasers [6, 7] and over 20 W 910 and 925 nm powers from Nd 3 -doped fiber lasers [8, 9] have been realized, it is still challenging to develop single-frequency fiber amplifiers at the same output power levels because the competitive emission beyond 1 μm is difficult to suppress, and very high pump power density is required to achieve net gain at 9xx nm. To date, several Nd 3 -doped fiber amplifiers at 9xx nm have been demonstrated and a maximum power of 14.8 W at 914 nm with a pump-to-laser conversion efficiency of 33% was achieved by using a watt-type 20/80 μm Nd 3 -doped double-clad fiber [8] . Compared to Nd 3 -doped fiber amplifiers, Yb 3 -doped fiber amplifiers have several advantages, including a smaller quantum defect (Yb 3 : ∼ 6% versus Nd 3 : ∼ 12%), much less deleterious effects caused by various energy transfer processes due to the simpler energy levels, and more efficient pump diode lasers at 915 nm. As a consequence, Yb 3 -doped fiber amplifiers are preferable to Nd 3 -doped fiber amplifiers for the development of high-power single-frequency laser sources at 9xx nm. So far, several watt-level continuous-wave Yb 3 -doped silica fiber amplifiers have been reported [2, 10] , but their spectral bandwidths are too broad to allow high-efficiency harmonic generation. In 2010, a Q-switched 977 nm fiber laser master oscillator and power amplifier was demonstrated with a maximum output average power of 78 W by using an ultra-large core photonic crystal fiber (80/200 μm) [11] , but the output beam of this laser system is neither single-frequency nor linearly polarized. Moreover, the non-monolithic scheme of this laser system results in poor reliability, sensitivity to environmental changes, and difficulty in handling and fabrication.
In this Letter, we report a 10 W level single-mode, singlefrequency, linearly polarized, all-fiber laser source operating at 976 nm based on a Yb 3 -doped double-clad phosphate fiber amplifier.
Compared to silica fibers, phosphate fibers have several advantages for the development of high-power all-fiber single-frequency laser source at 9xx nm. Because the structure of the PO 4 3− network is much less bound than that of the SiO 4 4− network [12] , phosphate glass has much higher solubility than silica glass. As a result, phosphate glass exhibits much less concentration quenching [13] and photodarkening [14] . Even an 18.9 wt. %, Yb 3 -doped phosphate glass did not exhibit lifetime quenching [15] . Photodarkening was not observed in a phosphate fiber with Yb 3 concentration six times greater than the most photodarkening-resistant silica fibers [16] . Moreover, the stimulated Brillouin scattering (SBS) gain coefficient of a phosphate fiber is 50% less than that of silica [17] , allowing us to develop multiple-stage all-fiber amplifiers for high-power single-frequency laser sources without suffering from SBS. Finally, the index of phosphate glass is very easily adjusted by changing the composition and, thus, a large fiber core with a very small numerical aperture (NA 0.03 or less) can be achieved with a very large mode area. So far, several Yb 3 -doped phosphate fibers have been fabricated and used to develop single-frequency fiber laser oscillators and amplifiers. A 976 nm single-frequency distributed Bragg reflector phosphate fiber laser oscillator with a linewidth <3 kHz and an output power of 112 mW was demonstrated [18] . Over 3 W 976 nm single-frequency laser output was obtained with a 7 cm 6 wt. % Yb 3 -doped double-clad phosphate fiber [19] .
In order to achieve a 10 W level single-frequency laser at 976 nm, a new polarization-maintaining (PM) Yb 3 -doped phosphate fiber with a larger core-to-cladding ratio was fabricated by the rod-in-tube technique. A microscope image of the fiber is shown in the inset of Fig. 1 . The new phosphate fiber has a core diameter of 20 μm and core NA of 0.03 so that its cutoff wavelength is 783 nm, ensuring single transverse mode operation of the 976 nm laser. The core was uniformly doped with 1.67 × 10 26 m −3 (1.5 wt. %) of Yb 3 ions. The background loss of the fiber core was measured to be ∼3 dB∕m by a cutback experiment. The inner cladding has a diameter of 130 μm and NA of 0.46, enabling high brightness pump power density. The outer cladding diameter of this fiber is 156 μm.
The configuration of the 10 W 976 nm all-fiber singlefrequency laser source is shown in Fig. 1 . A 976 nm singlefrequency laser diode (LD) (Innovative Photonic Solutions, linewidth <100 kHz) was used as the seed laser and the input signal power after the first combiner was 130 mW. A 40 cm commercial silica fiber (Nufern PLMA-YDF-10-125-HI-8) was used as the gain fiber for the first stage amplifier. A pump stripper was used to remove the residual pump power in the cladding. One PM fiber isolator integrated with a bandpass filter (λ 975 20 nm) was embedded to keep the preamplifier safe from the backward amplified spontaneous emission (ASE) or parasitic lasing of the second amplifier stage and eliminate the ASE above 1 μm from the signal output which results from the pre-amplifier. A commercial 6 1 × 1 PM fiber combiner with a signal port fiber of PM 10/125 μm, six pump port fibers of 105/125 μm, and a common port fiber of PM 20/130 μm was used to combine the 976 nm signal laser and the 915 nm pump laser and launch them into the Yb 3 -doped phosphate double-clad fiber. The total insertion loss of the pump stripper, the fiber isolator, and the combiner was about 0.7 dB. A maximum output signal power of 1.5 W was obtained after the combiner of the second stage at a pump power of 70 W. The optical spectra of the first stage amplifier at output powers of 0.5, 1, and 1.5 W are shown in Fig. 2 . The ASE above 1 μm has been eliminated by the bandpass filter, while the ASE around 978 nm could not be removed, resulting in a signal laser with an optical signal-to-noise ratio of about 14.4 dB for the second stage amplifier. The Yb 3 -doped phosphate fiber was placed on a water-cooling plate, and its output end was angle cleaved (∼8°) to avoid parasitic oscillation. The output spectra were measured with an optical spectrum analyzer (Ando, AQ6317). The output power was measured with a thermal power sensor (Thorlabs, SC310C). The output power of the signal laser and that of the ASE beyond 1 μm were obtained by measuring the output powers with long-pass filters with cut-on wavelengths at 950 and 1000 nm, respectively.
In our experiment, 29 and 45 cm long gain fibers were used for the second stage amplifier. Figure 3 (a) shows the measured laser power as a function of the launched and absorbed pump powers for the two fiber lengths. It should be noted that the measured power includes the ASE below 1 μm. The 976 nm signal laser power can be estimated by calculating the power ratio between the 976 nm signal and the ASE below 1 μm from the integration of the corresponding spectra. The spectra of the two fiber amplifiers pumped at 100 W were measured and are shown in Fig. 3(b) . Based on the measured spectra with 0.1 nm resolution, the power portions of the ASE below 1 μm of the 29 and 45 cm fiber amplifiers are estimated to be 6.2% and 15%, respectively. Therefore, the actual 976 nm signal laser output of the two amplifiers should be larger than 8.7 and 10.1 W at a maximum available pump power of 100 W, respectively. The threshold for positive net gain of the 29 cm fiber amplifier is 5 W, and the slope efficiency with respect to the launched pump power is 9.5%, whereas the threshold of the 45 cm fiber amplifier is 12 W, and the corresponding slope efficiency is 13.6%. The slope efficiencies with respect to the absorbed pump power are 50% and 48.7% for the 29 and 45 cm fiber amplifiers, respectively. It can be seen clearly from Fig. 3(b) that the ASE increases with the increasing gain fiber length and ASE at long wavelength increases more significantly than that at a short wavelength. Therefore, the efficiency of the 976 nm fiber amplifier can be improved by increasing the absorbed pump power with a fiber having a larger core size or with a longer specially designed fiber capable of sufficiently suppressing the ASE.
The output power of a single-frequency fiber laser amplifier is generally limited by the onset of SBS with a threshold expressed as P th ≈ 21A eff ∕K g B L eff [20] , where A eff is the effective mode area, g B is the Brillouin gain coefficient, L eff is the effective length of the gain fiber, and K is the polarization dependence factor. Therefore, the SBS threshold of the 45 cm PM Yb 3 -doped phosphate fiber with a core diameter of 20 μm is estimated to be 3.3 kW, which is 2 orders of magnitude larger than the 10 W output power level of the fiber amplifier, and the SBS effect is generally not an issue of the CW fiber amplifier. Figure 4 shows the optical spectra of the 45 cm fiber amplifier pumped at different levels. The ASE beyond 1 μm increases as the pump power increases from 20 to 40 W, while it decreases as the pump power increases to 70 and 100 W. The ASE below 1 μm, however, always increases with the increasing pump power. This can be interpreted by the result of competition between gains at the short wavelength and long wavelength. As the pump power increases, the excited state population contributes more to the gain at short wavelengths than that at long wavelengths. The 978 nm ASE experiences a large gain like the signal laser. Therefore, the efficiency of the fiber amplifier can be improved by removing the 978 nm ASE of the first stage fiber amplifier using a bandpass fiber with a very narrow bandwidth such as a fiber Bragg grating.
In our experiment, the output signal power and the ASE beyond 1 μm of the Yb 3 -doped phosphate double-clad fiber amplifier were measured with 0.5, 1, and 1.5 W input signal powers. As shown in Fig. 5(a) , there is no significant difference between the output powers for the three input signal powers because these signal powers saturate the 45 cm fiber amplifier. It should be noted that the input signal power should be sufficiently large to avoid self-pulsing, which can occur at low input signal powers in the 976 nm fiber amplifier. Figure 5 (b) shows the measured power of the ASE beyond 1 μm. It is clear that the ASE power increases with increasing pump power at Letter Vol. 43, No. 4 / 15 February 2018 / Optics Letters the beginning and starts to roll over at a ump power that is larger than the threshold pump power. The larger the input signal power, the smaller the ASE power at the roll-over pump power.
Because the 978 nm ASE and the 976 nm signal laser are not separated in the current setup, an accurate polarization extinction ratio (PER) of the fiber amplifier cannot be obtained by just measuring the powers of the light along the two polarization orientations. In our experiment, the PER of the 45 cm fiber amplifier was obtained by using a thin film polarizer to measure the powers at the two polarization states and subtracting them by half of the estimated 978 nm ASE power (15% of the total power as mentioned above). The PER is estimated to be >20 dB. The output stability of the fiber amplifier was measured by recording the maximum output power continuously for more than 2 h. As shown in Fig. 6 , the variation of the output power is less than 2.3%. The beam quality of the output laser beam was measured by using a scanning slit beam profiler (DataRay, BeamMap2 4XY-DD-2500-100) and is shown in Fig. 7 . The beam quality factors along the X and Y axes are M 2 x 1.08 and M 2 x 1.16, respectively. The small asymmetry of the beam profile is caused by the angle-cleaved output fiber end. It should be noted that the strong ASE may affect the beam quality measurement, and the actual beam quality should be smaller and very close to the diffraction limit.
Therefore, this all-fiber laser source can provide a very stable single-frequency single-mode linearly polarized laser with nearly diffraction-limited beam quality for harmonic generation.
In conclusion, we have demonstrated a power scalable all-fiber single-frequency single-mode linearly polarized laser source at 976 nm based on a two-stage amplifier configuration. Over 10 W output power with a PER of 20 dB was obtained with a 45 cm Yb 3 -doped phosphate fiber amplifier. The efficiency of the second stage Yb 3 -doped phosphate fiber amplifier is about 13.6%, which can be significantly improved by using a long gain fiber with a specially designed waveguide to suppress the long wavelength ASE.
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